In order to predict the effects of future atmospheric conditions on forest productivity, it is necessary to clarify the physiological responses of major forest tree species to high concentrations of ozone (O 3 ) and carbon dioxide (CO 2 ). Furthermore, intraspecific variation of these responses should also be examined in order to predict productivity gains through tree improvements in the future. We investigated intraspecific variation in growth and photosynthesis of Cryptomeria japonica D. Don, a major silviculture species in Japan, in response to elevated concentrations of O 3 (eO 3 ) and CO 2 (eCO 2 ), separately and in combination. Cuttings of C. japonica were grown and exposed to two levels of O 3 (ambient and twice-ambient levels) in combination with two levels of CO 2 (ambient and 550 µmol mol −1 in the daytime) for two growing seasons in a free-air CO 2 enrichment experiment. There was no obvious negative effect of eO 3 on growth or photosynthetic traits of the C. japonica clones, but a positive effect was observed for annual height increments in the first growing season. Dry mass production and the photosynthetic rate increased under eCO 2 conditions, while the maximum carboxylation rate decreased. Significant interaction effects of eO 3 and eCO 2 on growth and photosynthetic traits were not observed. Clonal effects on growth and photosynthetic traits were significant, but the interactions between clones and O 3 and/or CO 2 treatments were not. Spearman's rank correlation coefficients between growth traits under ambient conditions and for each treatment were significantly positive, implying that clonal ranking in growth abilities might not be affected by either eO 3 or eCO 2 . The knowledge obtained from this study will be helpful for species selection in afforestation programs, to continue and to improve current programs involving this species, and to accurately predict the CO 2 fixation capacity of Japanese forests.
Introduction
As a result of increased emissions of nitrogen oxide (NO X ) and volatile organic compounds due to the combustion of fossil fuel, tropospheric ozone (O 3 ) levels have continued to rise globally since the Industrial Revolution (Finlayson-Pitts and Pitts 1997, Fowler et al. 1998) . Increases in O 3 emissions have occurred in most countries, except for modest decreases in North America, with mean global population-weighted O 3 concentrations increasing by 8.9% from 1990 to 2013 (Brauer et al. 2016) . Increases in O 3 emissions have been particularly marked in East Asia (Ohara 2011) . Atmospheric carbon dioxide (CO 2 ) concentrations have also increased, and levels are projected to double by the turn of the century (IPCC 2001 (IPCC , 2007 .
Photosynthesis and growth of plant species are typically influenced by elevated concentrations of O 3 (eO 3 ) and CO 2 (eCO 2 ). Generally, eO 3 reduces net photosynthesis, accelerates leaf senescence, increases dark respiration and inhibits growth (Reich 1987 , Pye 1988 , Chappelka and Chevone 1992 , Izuta 1998 , Matyssek and Sandermann 2003 . On the other hand, eCO 2 promotes the photosynthetic rate and plant growth (Kozlowski et al. 1991 , Mousseau et al. 1996 , and induces stomatal closure, which improves the water-use efficiency of most C3 plants (Koike et al. 1996 , Körner et al. 2005 , Schulze et al. 2005 , Watanabe et al. 2010 , 2011 . Simultaneously, eCO 2 decreases maximum carboxylation rates (V cmax ) (Rogers and Ellsworth 2002 , Ainsworth and Long 2005 , Bernacchi et al. 2005 . The combined effect of eO 3 and eCO 2 on forest trees differs depending on the species; eCO 2 can either mitigate the negative effects of eO 3 (Noble et al. 1992 , Volin and Reich 1996 , Kellomaki and Wang 1997 , Barnes and Wellburn 1998 , Volin et al. 1998 , Broadmeadow et al. 1999 , Grams et al. 1999 , not mitigate the negative effects of eO 3 (Barnes et al. 1995 , Loats and Rebbeck 1999 , Utriainen et al. 2000 , Isebrands et al. 2001 or even exacerbate the negative effects of eO 3 (Polle et al. 1993 , Kull et al. 1996 . Consequently, in order to predict and evaluate the effects of eO 3 and eCO 2 on forest productivity, assessing the physiological response of major forest tree species to eO 3 and eCO 2 is considered to be important.
Furthermore, intraspecific variation of the responses in tree species to eCO 2 and eO 3 should also be examined in order to predict the potential for productivity gains through tree improvement in the future. Any forest tree improvement program is based on intraspecific variation in the traits of interest, and for forests, growth and/or biomass production are key target traits (Grattapaglia et al. 2009 ). In order to adapt to future environments, tree improvement programs will need to consider rising O 3 and CO 2 concentrations, as well as other changes in climate (Ainsworth 2016) . Recently, Resco de Dios et al. (2016) conducted a meta-analysis to assess intraspecific variation in the productivity responses to eCO 2 in several tree species. Their findings showed that there were positive correlations between biomass, height and volume at ambient concentration and the same traits measured at eCO 2 (Resco de Dios et al. 2016 ).
However, they also proposed that intraspecific variation needs to be examined in the other species apart from the genus Populus (Resco de Dios et al. 2016) . Therefore, it is important to clarify intraspecific variation in growth and physiological responses to eO 3 and eCO 2 among other target species in improvement programs.
Cryptomeria japonica D. Don is an important silviculture species in Japan, accounting for 44% of the area under plantation in the country. Consequently, investigating the sensitivity of C. japonica to eO 3 and eCO 2 , as well as combinations of both gasses, is important for assessing atmospheric CO 2 absorption by this species as well as the suitability of this species for silviculture in the future. Furthermore, in improvement programs involving C. japonica, the plus trees (i.e., phenotypically superior individuals in terms of growth and stem form) were selected from all over Japan. Since considerable genetic variation in growth traits exists among plustree clones, the planting of superior-growth clones and their progeny increases the ability of carbon absorption and fixation of C. japonica forests (Hiraoka et al. 2009 ).
Several reports have been published on the response of C. japonica to eO 3 (Miwa et al. 1993 , Matsumura et al. 1996 , 1998 , 2001 , Watanabe et al. 2006 ) and a combination of eO 3 and eCO 2 . Among Japanese forest trees, in terms of growth and photosynthetic activity, C. japonica was previously assumed to be a low O 3 sensitivity species (see Yamaguchi et al. 2011 for a review). However, these studies assessed the growth and photosynthetic traits using potted seedlings in opentop chambers or environment-controlled greenhouses. In addition, little information regarding genetic differences in the sensitivity of this species to eO 3 , eCO 2 , or both, is currently available, and previous improvement programs that have been developed for this species have evaluated growth characteristics based on extant current atmospheric conditions. In order to overcome these limitations and more accurately estimate the effects of eO 3 and/or eCO 2 on C. japonica growth and photosynthetic activity, the adaptability of clones to different eO 3 and/or eCO 2 conditions need to be assessed at the forest stand-level in a multi-year study with no limitations placed on plant root growth.
In the present study, the effects of eO 3 , eCO 2 and their combination on growth and photosynthetic traits of C. japonica, as well as their plus-tree clones, were investigated. We conducted this study using individuals of C. japonica clones planted in the ground in a free-air CO 2 enrichment (FACE) experiment for two growing seasons.
Materials and methods

Plant materials and treatments
For the experimental materials in this study, we planted 1-yearold individual cuttings of C. japonica. The cuttings were obtained from 12 plus-tree clones exhibiting various growth characteristics in the Kanto breeding region (Table 1 ). Cuttings were propagated in May 2010 using 20-cm length shoots of each clone in Kanuma soil. Rooting individuals were then transplanted to experimental frames, described below, on 11 March 2011. The FACE experiments employed in this study were carried out using the same facility as Kitao et al. (2015) . Kitao et al. 2015) . In order to avoid temporal fluctuations in gas concentrations, the sides of the frames were partially surrounded by transparent plastic sheets as windscreens. 
Growth measurements
The height and diameter at the bottom of the stems of the individuals were measured at the start (April) and end (November) of each growth season in 2011 and 2012. After the end of the experiments in 2012, all individuals were harvested and divided into organs (stem, lateral shoot and root). The roots were collected as intact as possible by removing soils with an pneumatic excavation tool (Air Schop, KF Company, Sakai, Osaka, Japan), which loosens soil using compressed air and small stainless steel rakes. The dry mass of each organ was measured after drying at 80°C for at least 72 h and the dry mass ratio of aboveground tissue to root tissue (S/R) was calculated.
Gas exchange measurements
Five clones with various growth indices (Forest Tree Breeding Center 2009) were selected for the gas exchange measurements ( Table 1 ). The measurements were carried out on fully expanded, current-year needles of all individuals using an open gas exchange system (LI-6400 or LI-6400XT, Li-Cor Inc., Lincoln, Nebraska, USA) with a chamber for the needle (6400-22 L, Li-Cor Inc.). Measurements were carried out in three periods: May 29 to June 5 (hereafter, June), August 1-4 (August) and October 7-10 (October) in 2012 using block temperatures 25, 30 and 23°C, respectively. These block temperatures were chosen because they were similar to the ambient temperatures during the daytime. The photosynthetic photon flux density (1400 µmol m
) was controlled during the measurements. To plot needle CO 2 uptake (A) against intercellular CO 2 concentration (C i ), the net photosynthetic rate was measured for at least four steps of reference CO 2 (0-550 µmol mol
−1
). The net photosynthetic rate at the CO 2 concentration of the growing environment (A growth ) and the stomatal conductance (g s ) in each growing environment (i.e., 380 µmol mol −1 for the ambient and 550 µmol mol −1 for the eCO 2 treatment) were determined.
The maximum carboxylation rate (V cmax ) was calculated from the A/C i curve (Farquhar et al. 1980, Long and Bernacchi 2003) . Values of the ribulose-1,5-bisphosphate carboxylase/ oxygenase (Rubisco) Michaelis constants for CO 2 (K c ) and O 2 (K o ), and the CO 2 compensation point in the absence of dark respiration (Γ * ) for calculating V cmax were performed according to Bernacchi et al. (2001) . We used the results for which the probabilities of the non-linear regression were <0.001, calculated using nls() in R software (version 3.2.1, R Development Core Team 2015). All of the gas exchange parameters were expressed on the basis of the projected needle area, which was measured using scanned images of detached needles obtained with a flatbed scanner. Leaf mass per unit area (LMA) was calculated using the ratio of the dry weight to the projected area of each shoot used for the photosynthesis measurement.
Statistical analysis
Split-plot designed three-way ANOVA (O 3 , CO 2 , clone and their interaction) was performed for growth traits (height, diameter and dry mass of whole plant and each organ after the end of the second growth season), photosynthetic parameters (V cmax , A growth , g s ) and LMA for the three periods (June, August and October) based on the values obtained for the measured Values are means ± standard deviation of six frames per treatment. Daily time windows: 24 and 10 h; 7:00-17:00 h, AOT40 (accumulated exposure over a threshold of 40 ppb) and daytime mean CO 2 concentration (7:00-17:00 h).
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where y ijkl is the measured value for an individual of the kth clone in the ith O 3 treatment, jth CO 2 treatment and lth frame; µ is the overall mean; A i , B j and C k are the effects of the ith O 3 treatment, jth CO 2 treatment and kth clone, respectively; (AB) ij , (AC) ik , (BC) jk and (ABC) ijk are the interaction effects of the ith O 3 and jth CO 2 treatments, the ith O 3 treatment and kth clone, the jth CO 2 treatment and kth clone, and the ith O 3 treatment, jth CO 2 treatment and kth clone, respectively; ε (1)ijl and ε (2)ijkl , both with means of zero, are the whole-plot error and the split-plot error associated for the combination of all factors, respectively. Table 3 shows the structure of the split-plot ANOVA model. Dunnett's test was conducted for multiple comparisons between ambient and experimental treatments within each affecting factor. All statistical analyses were performed using R software (version 3.2.1, R Development Core Team 2015).
Results
Growth traits and allocation
Mean values of annual increments of height and diameter of the measured individuals in each treatment are shown in Figure 1 . The increments of both traits were larger in 2012 than in 2011. In 2011, the observed trends in the means of both height and diameter increments were in the order ambient < CO 2 < O 3 < O 3 + CO 2 , and the height increment in 2011 was significantly promoted by O 3 and O 3 + CO 2 treatments (Dunnett's test; P < 0.05). In 2012, although there were no significant differences among treatments, the means fell in the order ambient < O 3 < CO 2 or O 3 + CO 2 for both traits. Significant differences were observed among clones for all years (P < 0.001; Table 4 ). In 2011, significant O 3 effects were observed for height increment (P < 0.05; Table 4 ). In 2012, significant treatment effects were not observed for either trait (P > 0.05; Table 4 ). No interaction effects were significant for any year or trait (P > 0.05; Table 4 ).
The mean values for growth traits (height, diameter, whole dry mass, dry mass of organs (stem, lateral shoot and root) and S/R ratio) for the measured individuals after two growth seasons are shown in Figure 2 . For the means of height, diameter, and whole and organ dry mass, the trend in the order observed was ambient < O 3 < CO 2 or O 3 + CO 2 . Although no significant increase in growth, height or diameter was observed after O 3 and/or CO 2 treatments (P > 0.05), the increase in dry mass growth of whole plant and all of the organs increased significantly after CO 2 treatment (P < 0.05; Figure 2a-f) . Table 5 shows the results of the split-plot designed ANOVA for growth traits. Significant effects of CO 2 were observed for the dry mass growth of whole plant and all organs (P < 0.05 or 0.01). There were significant differences among clones for all growth traits (P < 0.001). No significant CO 2 effects were observed on the increase in height, diameter or S/R ratio (P > 0.05). O 3 and any interactions between O 3 were not significant (P > 0.05) on any of the growth traits.
Photosynthetic parameters and LMA Figure 3 shows the mean values of photosynthetic parameters and LMA for the measured individuals in the three measurement periods for each treatment. Table 6 shows the results of the split-plot designed ANOVA. For A growth , g s and LMA, there was a tendency for values to increase over time, and V cmax was larger in August than it was in the other periods (Figure 3) . For A growth , significant positive effects in CO 2 and O 3 + CO 2 treatments were observed compared with ambient and O 3 treatments in August and October (Figure 3a) . The CO 2 effects in August and October (P < 0.001) and the clone effect in August (P < 0.05) were significant (Table 6 ). For g s , there were no significant effects for treatments in all of the measurement periods (P > 0.05), and the clone effects in June (P < 0.001) and October (P < 0.01) were significant (Table 6 ). There were also no significant differences in g s among treatments (P > 0.05; Figure 3b ). V cmax values were lower in the CO 2 and O 3 + CO 2 treatments than in the ambient and O 3 treatments throughout the measurement periods, but no significant differences were Table 3 . Split-plot model for the effects of O 3 , CO 2 and clones.
Source of variation between whole plots Df Source of variation within subplots Df
Df: degrees of freedom. Letters (a-f) indicate the number of the level for each factor: a = 2, b = 2, c = 12 and f = 12.
n: the number of data.
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observed (P > 0.05; Figure 3c ). Significant effects of both CO 2 and clone were observed on V cmax in August (P < 0.05; Table 5 ). Leaf mass per unit area increased in the order ambient < O 3 < CO 2 < O 3 + CO 2 in June and August; there were significant differences between the ambient and O 3 + CO 2 treatments (P < 0.05; Figure 3d ). As shown in Table 6 , a significant CO 2 effect on LMA was observed in August (P < 0.01). No significant difference was observed in LMA among treatments in October (P > 0.05; Figure 3d ). Significant clone effects were also observed in all periods (P < 0.001; Table 6 ). For all photosynthetic traits and LMA, almost all interaction effects were not significant, except for the effects of CO 2 × clone on g s in October and on LMA in August (P < 0.05; Table 6 ). Figure 4 shows the relationships between the mean clonal growth traits under ambient conditions and for the other treatments. Spearman's rank correlations were significantly positive (P < 0.05) for almost all growth traits. Figure 5 shows the relationships between the clonal mean photosynthetic traits and LMA under ambient conditions and for the other treatments; Spearman's rank correlations were not significant (P > 0.05) for almost all traits.
Variation of clonal rankings of measured traits by treatments
Discussion
Effects of eO 3
Numerous studies of forest tree species have shown that eO 3 decreases net photosynthesis, increases leaf senescence and inhibits growth (Reich 1987 , Pye 1988 , Chappelka and Chevone 1992 , Izuta 1998 , Matyssek and Sandermann 2003 , Kitao et al. 2009 , Pretzsch et al. 2010 . In this study, no significant effects were observed between O 3 treatment and A growth , g s or LMA in any of the three measurement periods (Figure 3 ; Table 5 ), suggesting that eO 3 does not markedly inhibit photosynthesis in C. japonica. In addition, no inhibition was observed in the growth of C. japonica clones after exposure to eO 3 (Figures 1 and 2 ; Tables 3 and 4) . Yamaguchi et al. (2011) classified Japanese forest tree species into three groups (high, moderate and low) based on the dry mass growth response to eO 3 (after Kohno et al. 2005) . Based on that scheme, C. japonica was classified in the low O 3 sensitivity group as the whole-plant dry mass increment was not significantly reduced by exposure to 1.5× or 2× eO 3 (Yamaguchi et al. 2011) . Matsumura et al. (1996) reported that the whole-plant dry mass of C. japonica was significantly lower under 3× eO 3 conditions, compared with under 0.4× eO 3 . Thus, our assessment conducted over two growing seasons supports categorization of C. japonica as a species that is insensitive to O 3 . In addition, our results identified an additional response of C. japonica to eO 3 . Annual height increment was significantly promoted by eO 3 exposure in the first growing season (Figure 1) . This is interesting, because even though no photosynthetic rate data were collected in the first growing season, the photosynthetic rate might be not be higher in eO 3 treatment as in the second one (Figure 3a ). Under such carbon-restricted conditions induced by eO 3 , S/R ratios could increase as carbon is allocated to above-ground biomass. In Quercus pyrenaica, eO 3 exposure caused the S/R ratio to increase with no decrease in total biomass or photosynthetic rate (Calatayud et al. 2011) . In Betula pendula (Yamaji et al. 2003) and two Quercus species (Kitao et al. 2015) , S/R ratio increased after eO 3 exposure in order to compensate for the O 3 -induced reduction in photosynthesis. One possible mechanism for enhancing above-ground growth by eO 3 exposure may be through reallocation of plant Significance levels: *P < 0.05, ***P < 0.001.
Tree Physiology Online at http://www.treephys.oxfordjournals.org hormones. In Fagus sylvatica, destruction of cytokinins in leaves exposed to eO 3 was compensated for by cytokinin export from roots to shoots through the xylem (Winwood et al. 2007 ). Such plant hormones might increase carbon allocation to shoots and promote plant growth, in spite of the reduction of the photosynthetic rate under eO 3 exposure (Kitao et al. 2015) . However, after the second growing season, no positive effects of O 3 on growth traits were observed (Table 5) . Since the height and diameter increments were larger in 2012 than in 2011 (Figure 1) , 2-year total growth traits were not considered to be affected by eO 3 (Table 5 ). Thus, O 3 might not be beneficial in the long term for the growth of C. japonica in forests.
Effects of eCO 2 and combination of eO 3 and eCO 2
In this study, significant effects were observed between eCO 2 and dry mass growth of the whole plant and all organs, photosynthetic traits and LMA (Tables 5 and 6 ). The values for the growth trait indices were higher (Figure 2) , A growth was higher and V cmax was lower (Figure 3 ) in CO 2 and O 3 + CO 2 treatments, suggesting that the increased photosynthetic rate promoted plant growth under exposure to eCO 2 . A decrease in g s in June was also observed (Figure 3 ; Table 6 ), corroborating previous reports in which lower stomatal conductance has been observed in the leaves of tree species exposed to eCO 2 (Koike et al. 1996 , Tissue et al. 1997 , Ainsworth and Long 2005 , Körner et al. 2005 , Schulze et al. 2005 , Ainsworth and Rogers 2007 , Watanabe et al. 2010 , 2011 , Norby and Zak 2011 , Kitao et al. 2015 , as well as a decrease in V cmax (Rogers and Ellsworth 2002 , Ainsworth and Long 2005 , Bernacchi et al. 2005 . The responses of growth and photosynthetic traits in C. japonica to eCO 2 observed in this study generally corroborated those of other tree species.
For all growth traits and photosynthetic parameters, no significant differences were observed between the CO 2 and O 3 + CO 2 treatments (Figures 2 and 3) . In addition, the effects of O 3 × CO 2 interaction were insignificant for almost all measured traits and parameters when examined by the split-plot designed threeway ANOVA (Tables 4-6 ). These results suggest that the O 3 and CO 2 factors only affect the observed parameters in an additive manner. Various patterns of growth and physiological responses Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001.
have been reported for the response of tree species to the combination of eO 3 and eCO 2 ; in some studies, growth enhancement by eCO 2 was negated by eO 3 (Broadmeadow and Jackson 2000 , Isebrands et al. 2001 , Karnosky et al. 2003 , Talhelm et al. 2014 , while in others, either no significant effects of eCO 2 and/or eO 3 on the total dry mass were observed (Hoshika et al. 2012) , or growth was significantly stimulated by the combination of eO 3 and eCO 2 (Watanabe et al. 2010 , Kitao et al. 2015 . In C. japonica, Matsumura et al. (2005) reported that no significant interaction effect between O 3 and CO 2 was observed in potted individuals. We concluded that growth and photosynthetic traits of C. japonica are additively affected by eO 3 and eCO 2 .
Clonal effects and interactions with treatments
We investigated the growth traits of 12 C. japonica clones in this study. Although significant effects of clone on growth traits were observed (Tables 5 and 6 ), significant interactions between clone and treatments were not observed. Additionally, significantly positive correlation coefficients were obtained for clonal means of growth traits (annual height increment in the first growing season and the dry mass of whole plants and all organs) between ambient conditions and the other treatments (Figure 4) . Thus, the clonal ranking of growth abilities might not change in response to eO 3 and/or eCO 2 . On the other hand, no significant relationships were observed between photosynthetic parameters under ambient conditions and the other treatment conditions ( Figure 5 ). Instantaneous gas exchange measurements may fluctuate markedly over short time periods; conversely, growth is one of the accumulated traits (Resco de Dios et al. 2016) . Resco de Dios et al. (2016) assessed intraspecific variation in tree productivity responses to eCO 2 , based on meta-analyses for genera such as Betula, Eucalyptus, Fagus, Hevea, Picea and Populus. They found positive correlations between biomass, height and volume at ambient and eCO 2 conditions and they found that the most productive genotypes at ambient CO 2 were also the most productive at eCO 2 . Furthermore, the most Asterisks indicate significant differences between ambient and other treatments by Dunnett's test; *P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent the 95% confidence interval. Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001.
Tree Physiology Online at http://www.treephys.oxfordjournals.org productive genotypes under eCO 2 conditions were more productive under eCO 2 + eO 3 (Resco de Dios et al. 2016) . It is therefore considered that efforts focusing on tree improvement under current atmospheric conditions will produce highly productive genotypes in the future (Mycroft et al. 2009 , Ainsworth 2016 , Resco de Dios et al. 2016 . The results of the present study also suggest that growth evaluation of clones or families at many trial sites under current atmospheric conditions could be useful in programs designed to improve C. japonica for anticipated eO 3 and/or eCO 2 levels. Because this study used a FACE facility, which is an open-field experiment, these findings will be useful for estimating the actual impacts of O 3 and CO 2 on the growth and physiological functions of other individuals of this species grown in the field. The knowledge obtained in this study will be helpful, not only for species selection in future afforestation initiatives, but also for operating an improvement program for this species and for accurately predicting of the CO 2 fixation capacity of Japanese forests.
Conclusion
This is the first study to clarify specific characteristics and intraspecific variation on the growth and physiological responses of C. japonica to eO 3 and/or eCO 2 using a FACE experiment. There were no obvious negative effects of eO 3 on growth or photosynthetic traits of C. japonica clones. Therefore, C. japonica could be classified as a low O 3 sensitivity species. However, positive effects on growth were observed in the first growing season, and one possible mechanism for enhancing plant growth by eO 3 is reallocation of plant hormones to increase plant biomass. Elevated CO 2 concentrations were attributed to an increase in the photosynthetic rate and the promotion of plant growth. Effects of a combination of eO 3 and eCO 2 were not observed. The significant changes in clonal ranking for growth traits by eO 3 and/or eCO 2 were not observed. The knowledge obtained in this study will hopefully encourage other researches to verify the adaptability of current clonal/family evaluations to the expected future atmospheric conditions in other tree improvement programs. Since there may be some clonal differences, the response and sensitivity of particular clones to eO 3 and eCO 2 should be evaluated in detail in future studies.
